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Exogenously applied retinoic acid (RA) is known to affect cartilage pattern in developing and regenerating limbs. There
are, however, few reports which analyze the participation of endogenous RA in limb pattern formation. Using an organ
culture system, we attempted to reduce the concentration of endogenous RA in the developing chick wing buds by the
treatment with citral (3,7-dimethyl-2,6-octadienal), an inhibitor of retinoic acid formation. After this treatment, the cultured
wing buds were grafted to the stumps of host embryos. These citral-treated limb buds frequently formed truncated cartilage
elements and the defects were rescued by simultaneous treatment with an appropriate concentration of RA. These results
suggest that endogenous RA plays a role in chick limb bud development. q 1996 Academic Press, Inc.
INTRODUCTION retinal, recognized the region that borders the ectoderm in
the chick limb bud, but no gradient along the A-P axis was
Exogenously applied retinoic acid (RA), a vitamin A me- observed (Tamura et al., 1990). These diverse distributions
tabolite, is known to induce anteroposterior (A-P) duplica- of retinoids and receptors underline the complexity of un-
tion in the developing chick limb bud (Tickle et al., 1982; derstanding the role of RA in limb development.
Summerbell, 1983). It has been proposed that RA may be a The elimination of RA or components of its signaling path-
morphogen since it mimics ZPA (zone of polarizing activity) way such as RARs or CRABP from the limb bud seems useful
activity in inducing duplications (Eichele et al., 1985, 1987; for further clari®cation of the role of RA in limb morphogene-
Tickle et al., 1985). However, some recent studies have sis. Unfortunately, targeted mice of RARs have a normal limb
shown that RA does not act as a morphogen but as an in- pattern, suggesting the presence of compensation in RA signal-
ing (Mendelshon et al., 1994). Therefore, we attempted toducer of the ZPA which acts on the cells at the anterior
reduce the concentration of endogenous RA itself in the limbmargin of the chick limb bud (Noji et al., 1991; Wanek et
bud. Citral (3,7-dimethyl-2,6-octadienal) has been reported toal., 1991; Tamura et al., 1993). Moreover, Sonic hedgehog
inhibit the oxidation of retinol to retinoic acid in mouse epi-(Shh) has been reported to be expressed in the region which
dermis, thereby interfering with the biological activity of reti-has ZPA activity. Implanted cells which express Shh induce
nol in this tissue (Connor and Smit, 1987; Connor, 1988).A-P duplication, and the expression of Shh is induced by
Citral inhibits both steps in retinoic acid synthesis from reti-exogenous RA in the chick limb bud (Riddle et al., 1993).
nol, since it can act as a substrate for both the alcohol andThere are, however, few reports which demonstrate the
aldehyde dehydrogenases. Furthermore, in Xenopus laevis em-participation of endogenous RA in limb patterning, al-
bryos citral inhibited the formation of RA and thus citralthough such roles have already been suggested indirectly.
treatment can rescue the embryos from the teratogenic effectsThe level of endogenous RA is 2.5 times higher on the poste-
of exogenous retinol (Schuh et al., 1993). Because the retinoidsrior side than in the remaining part of chick limb buds
are metabolized independently in the limb bud (Thaller and(Thaller and Eichele, 1987). Recently, however, Scott and
Eichele, 1988), citral applied to the limb bud can inhibit RAhis colleague suggested that the magnitude of this gradient
formation there. We have established an organ culture systemof RA was less than previously reported (Scott et al., 1994).
to apply citral over the entire wing bud in order to examineBy contrast, cellular RA binding protein (CRABP) shows a
its effect on limb development.graded distribution that is higher on the anterior side (Ma-
den et al., 1988). Retinoic acid receptors a, b, g (RARa, b, MATERIALS AND METHODS
g) are expressed in the limb bud but are not localized to the
posterior side (DolleÂ et al., 1989, 1990; Noji et al., 1989). Organ Culture System
Furthermore, it was reported that an anti-retinoid antibody, Trunk fragments with wing buds and a heart from stage 19±
20 embryos (Hamburger and Hamilton, 1951) were put on a ®lterwhich preferentially binds to RA compared to retinol and
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at 377C for 40 min and dissociated by pipetting. For plating, we
®xed a penicillin cup (small stainless-steel column, 6 mm inside
diameter) with silicon grease in each well, and 0.3 ml of cell suspen-
sion (2.0 1 105 per 6-mm well) was poured into each well. After 4
hr, the column was removed and 1 ml of F12 medium (Nissui)
containing 1% FCS was added.
HPLC Analysis of Labeled Retinoids
Forty limb buds were dissected from stage 20 chick embryos and
collected in Tyrode's solution. Citral was dissolved in ethanol and
added to 500 ml of F12 medium at a ®nal concentration of 0 (control)
or 30 mM (experimental). After 300 nM all-trans-[11,12-3H]retinol
(1380 Gbq/mmol; NEN) was added, 40 limb buds were transferred to
each medium and incubated at 377C in 5% CO2. After 3 hr, the limb
buds were rinsed twice in stabilizing buffer (5 mg/ml each of ascorbic
acid and Na2 EDTA dissolved in phosphate-buffered saline, pH ad-
justed to 7.3 with NaOH) and stored in the same buffer at 0607C.
Extraction was carried out after Eichele et al. (1985). Five hundred
microliters of ethanol containing 100mg/ml butylated hydroxytoluene
and 20 ml of a nonradioactive internal standard retinoid cocktail (100
ng of all-trans-retinol, all-trans-retinal, and all-trans-retinoic acid,
Sigma) was added to 500 ml buffer containing the labeled limb buds.
The mixture was homogenized, heated at 607C for 2 min, chilled on
ice, and extracted three times with 2 ml hexane containing 100 mg/
ml butylated hydroxytoluene. The extract was pooled and hexane was
evaporated to a volume of 30 ml.
HPLC (high-pressure liquid chromatography) analysis was carried
out with the LC-6A system (Shimazu) on a CTRODS-M column
(Shimazu) as described by Tickle et al. (1985), with a slight modi®-
cation. Samples were eluted with acetonitrile:methanol:1% aque-
FIG. 1. An organ culture system of the chick wing bud for observ- ous acetic acid (60:20:20) at a ¯ow rate of 1 ml/min and monitored
ing the effect of citral on patterning. at 351 nm using a ¯ow-through detector. After fractionation, 4 ml
of aquasol-2 (Du Pont) was added to each fraction (500 ml) and
radioactivity was measured with a scintillation counter (Aloka).
(Nuclepore, pore size 0.4 mm), which was placed on a grid in F12
medium (Nissui) containing 25% fetal calf serum (FCS), 5% chick Whole-Mount in Situ Hybridization
embryo extract, and various concentrations of citral (Sigma) in etha-
Shh cDNA containing plasmid was generously supplied by Dr.nol. In control culture, ethanol without citral was added. All-trans-
Clifford Tabin. RNA probes were transcribed by the methods de-RA (Sigma) was added when required. After 12 hr in culture, the
scribed previously (Nohno et al., 1991; Riddle et al., 1993).limb buds were excised and grafted to the stumps of stage 20 wing
Whole-mount in situ hybridization was performed after Wilkin-buds (Fig. 1).
son (1992) with slight modi®cations (Yonei et al., 1995).For the cultivation of stage 16/17 embryos, embryos with blasto-
derm were dissected from yolk skin, put on a 2% agar±F12 medium
and cultured in the above-described medium.
RESULTS
Alcian Blue Staining Citral Affects Development of the Chick Limb Bud
Embryos were incubated until Day 9, then ®xed overnight in
In order to affect entire limb buds with citral and not to10% formalin in Tyrode's solution, stained with 0.1% Alcian blue
affect other part of embryos, limb buds were treated in ex-in 70% ethanol with 0.1 N HCl at 377C for 6 hr, dehydrated, and
plant and subsequently grafted back to the stumps of hostcleared in methyl salicylate.
embryos. The limb buds were cultured for 12 hr and this
duration is maximum. When untreated limb buds were cul-
Cell Culture tured for 16 hr, some of them began to show abnormalities.
No abnormalities were encountered in control embryos
Mesenchymal cells of the distal limb bud region (within 150 mm
treated with only ethanol (Table 1). The wing buds at stagefrom the AER) from organ-cultured trunk fragments were dissoci-
19/20 treated with 10, 20, and 30 mM citral frequently formedated and cultured after Aono and Ide (1988). Brie¯y, the limb buds
abnormal cartilage patterns (Figs. 2b, 2c, and 2d, Table 1). Fivewere collected and placed in 1% trypsin for 30 min, and the ecto-
types of defects were observed on the cartilage pattern; defectsderms were removed with ®ne tungsten needles in cold Tyrode's
solution. The denuded fragments were incubated in CMF±Tyrode's in humerus (H) alone (Fig. 2b), defects in H and radius/ulna
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TABLE 1
Effects of Citral on Cartilage Length in Chick Wing Buds
No. of No. of Average of Average of Average of
normal wings abnormal wings humerus (mm) radius/ulna (mm) digit (mm)
Control 10 0 3.28 { 0.46 3.01 { 0.47 3.50 { 0.48
(100%) (100%) (100%)
10 mM citral 2 9 2.70 { 0.83 2.35 { 1.10 2.75 { 0.62
(82.3%) (78.1%) (78.6%)
20 mM citral 8 12 2.97 { 0.83 2.54 { 0.98 2.70 { 0.93**
(90.5%) (84.4%) (77.1%)
30 mM citral 4 23 2.99 { 0.71 2.03 { 0.80*** 2.35 { 1.06***
(91.2%) (67.4%) (67.1%)
Note. In this and subsequent tables, 100% is the average length of controls. (** and ***) Signi®cantly different from the length of
controls. **P  0.01; ***P  0.001.
(R/U), defects in H, R/U, and digits (D), defects in only R/U increased and the length of cartilage elements was not com-
pletely rescued. However, the number of wings with normal(Fig. 2c), and defects in R/U and D (Fig. 2d, Table 1).
The lengths of H, R/U, and D treated with 10 mM citral cartilage pattern predominated when treated with 20mM citral
/ 30 nM RA and the length of cartilage elements was restoredwere 82.3, 78.1, and 78.6%, respectively, of controls (Fig. 3).
The lengths of these cartilage elements treated with 20 mM to normal as described above (Table 3).
When limb buds were treated only with 10 nM RA, 30citral were 90.5, 84.4, and 77.1% and those of elements treated
with 30 mM citral were 91.2, 67.4, and 67.1%, respectively. nM RA (Fig. 2e), and 100 nM RA, the length of the wings
was shorter than that of untreated wings (Table 4). It isThe differences between the length of radius/ulna and digits
treated with 30 mM of citral and that of controls were statisti- striking, therefore, that the RA and citral treatments, each
of which provokes abnormalities, should together givecally signi®cant at  0.001 level. The difference in the length
between digits treated with 20 mM citral and controls was nearly normal limbs.
signi®cant at 0.01 level (Table 1). No signi®cant difference
was observed in the other cases even at 0.05 level. When
HPLC Analysis of the Effects of Citral on thethe limb bud grafts were treated with 40 mM citral, almost all
Retinal Levels in Chick Limb Budshost embryos died before the examination.
Moreover, some bending in the cartilage elements was Citral blocks the conversion of retinol to retinoic acid as a
substrate for both the alcohol and aldehyde dehydrogenases.observed, as shown in Fig. 2d.
In the case of stage 16/17 embryos, the shortage of carti- When the radioactivity of 3H-labeled retinoids in control
limb buds was measured, 20.6% (793.7 dpm) of total radio-lage length was also observed in the citral-treated limb buds.
The differences in the lengths of humerus, radius/ulna, and activity incorporated (3846.6 dpm) was from [3H]retinoic
acid, 12.8% (490.6 dpm) was from [3H]retinal, and 46.0%digits between control and 10 mM citral-treated limb buds
were statistically signi®cant at 0.01 level (not shown). (1769.7 dpm) of total were of [3H]retinol. In the case of citral-
treated limb buds, only 6.1% (196.3 dpm) of total radioactiv-
ity incorporated (3226.0 dpm) was from [3H]retinoic acid,
Retinoic Acid Rescues Wing Buds from the Citral 3.5% (112.3 dpm) was from [3H]retinal, and 75.8% (2446.9
Effects dpm) was from [3H]retinol (Fig. 4). [3H]Retinoic acid and
[3H]retinal radioactivity decreased and [3H]retinol radioac-If the effect of citral re¯ects an inhibition of RA synthesis,
the cartilage phenotype should be rescued by an appropriate tivity increased in citral-treated limb buds.
concentration of RA.
Figure 2f shows a wing bud rescued from the citral effect by
Defects in Cartilage Length Were Not Due toRA treatment. The length and gross pattern of each element
Cytotoxic Effects of Citraltreated with 10 mM citral/ 10 nM RA, 20 mM citral / 30 nM
RA, and 30 mM citral / 100 nM RA were almost the same as To demonstrate that the defects in cartilage length were not
a result of cytotoxicity, we did the following experiments.those of the controls and differences in the cartilage lengths
between them were not signi®cant (Table 2, Fig. 3). The opti- First, trunk fragments with attached limbs whose AER
had been removed in advance (0AER) were cultured andmum concentration of RA which rescued limb buds from
citral effects was in a narrow range. When the limb buds were grafted as described in Fig. 1. The 0AER limbs both with
and without citral treatment formed a humerus (Figs. 5Aatreated with 20 mM citral / 10 nM RA or 20 mM citral /
20 nM RA, the number of abnormalities in cartilage pattern and 5Ab) or a humerus / a part of the radius/ulna. These
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FIG. 2. Cartilage patterns produced by the grafting of citral treated wing buds. (a) Treated with ethanol (control); the pattern is normal.
(b±d) Treated with 20 mM of citral; (b) note that the humerus is abnormally short; (c) note that the radius and ulna are shortened; (d)
radius, ulna, and digits are affected. (e) Treated with 30 nM RA; note the defective radius and ulna. (f) Treated with 20 mM citral / 30
nM RA; a normal pattern results.
results indicate that the AER-free limb buds proceeded to ments thus provide no support for a general cytotoxic mech-
anism of action on the limb bud.form the cartilage which had already been determined at
the time of AER excision and that only the formation of
more distal structures was prevented.
The Expression of Sonic hedgehog after CitralSecond, distal cells of limb buds from organ-cultured
Treatmenttrunk fragments were dissociated and cultured. The growth
rate of citral-treated distal cells was similar to that of con- To elucidate whether there is a relationship between the
cartilage defects after citral treatment and Shh expression,trol distal cells at least for 3 days (Fig. 5B). These two experi-
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studies (Riddle et al., 1993). Little change was observed after
treatment with citral (Fig. 6). Similar results were obtained
in the wing buds 6 and 12 hr after grafting (not shown).
DISCUSSION
Defects of Cartilage Length by Citral Treatment
No abnormalities in cartilage pattern and length were
observed in the control limbs (Table 1). This demonstrates
that the culture system used in the present study gives no
perceptible effect on cartilage development and thus is use-
ful for the analysis of molecules that might perturb limb
pattern formation. The wing buds were therefore treated
with citral to reduce the endogenous level of RA. We used
stage 19/20 embryos because it is known that RA-induced
duplicate formation only occurs in early limb buds (Sum-
merbell, 1983), and hence it is likely that early limb buds
are more sensitive than late ones.
The various defects in cartilage development could be
classi®ed into two groups according to the elements in
which such defects began. In the ®rst group, defects began
from the level of the humerus, whereas in the second they
began from the radius/ulna level. Defects in the digits wereFIG. 3. Treatment with RA and citral restores the wing cartilage
not observed in the absence of other abnormalities. Theelements to normal length. 100% indicates the length of controls.
differences in the degree of defects possibly resulted from(A) Treated with 10 mM citral and 10 mM citral / 10 nM RA at
stage 19/20. (B) Treated with 30 mM citral and 30 mM citral / 100 subtle differences in the stages of wing buds used and in
nM RA. The length of cartilage elements treated with 10 and 30 culture conditions.
mM citral was shorter than that of controls at stage 19/20. However, The citral-treated wing buds tended to form shorter carti-
RA rescued the citral-treated limb buds and the length of the ele- lage elements than the controls (Table 1). The length of the
ments of wing was restored. Retinoic acid rescued the citral-treated radius/ulna and digits from explants treated with 30 mM of
limb buds. Asterisk (*) shows statistical signi®cance (P  0.001) citral and the digits from explants treated with 20 mM of
compared with the length of controls.
citral were signi®cantly shorter than those of control (0.01
level), while the humerus was not signi®cantly shorter at
0.01 level. This may be caused by the developmental
stages of limb buds used. At stage 19±20, speci®cation ofwe examined the change of Shh gene expression in 20 mM
citral-treated and control limb buds by in situ hybridization. the radius/ulna has proceeded (Summerbell, 1974) and thus
the radius/ulna seems to be sensitive to the citral althoughShh expression of control limb buds was observed along the
posterior margin and this distribution agrees with previous the humerus, already speci®ed, may be resistant to the cit-
TABLE 2
Rescue of Wing Buds from Citral Effects by Treatment with Retinoic Acid
No. of No. of Average of Average of Average of
normal wing abnormal wing humerus (mm) radius/ulna (mm) digit (mm)
Control 10 0 3.28 { 0.46 3.01 { 0.47 3.50 { 0.48
(100%) (100%) (100%)
10 mM citral / 10 nM RA 9 5 3.22 { 0.65 3.05 { 0.67 3.34 { 0.55
(98.2%) (101%) (95.4%)
20 mM citral / 30 nM RA 13 3 3.57 { 0.67 2.78 { 1.48 3.16 { 1.44
(109%) (92.3%) (90.2%)
30 mM citral / 100 nM RA 6 2 3.23 { 0.62 2.61 { 0.63 3.00 { 0.50
(98.4%) (86.7%) (85.7%)
Note. No signi®cant difference was detected between the length of wing elements treated with citral / RA and that of controls (P  0.05).
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TABLE 3
The Optimum Concentration of Retinoic Acid to Rescue Limb Buds from Citral Effects
No. of No. of Average of Average of Average of
normal abnormal humerus (mm) radius/ulna (mm) digit (mm)
Control 10 0 3.28 { 0.46 3.01 { 0.47 3.50 { 0.48
(100%) (100%) (100%)
20 mM citral / 10 nM RA 3 4 3.21 { 0.67 2.30 { 0.90 2.83 { 0.63
(97.9%) (76.4%) (80.9%)
20 mM citral / 20 nM RA 5 5 3.03 { 0.69 2.74 { 0.65 3.04 { 0.66
(92.3%) (91.0%) (86.9%)
20 mM citral / 30 nM RA 13 3 3.57 { 0.67 2.78 { 1.48 3.16 { 1.44
(109%) (92.3%) (90.2%)
Note. 100% means the length of controls. No signi®cant difference was detected (P  0.05) compared to the length of controls.
ral. Thus, we treated embryos at stages 16±17 with 10 mM between control and experimental wing buds treated with
citral / RA (Table 2). This result indicates that an appro-of citral and found that the limb buds at these stages were
more sensitive than those at stages 19±20. The differences priate amount of RA rescues the wing bud from citral effects
and strongly suggests that citral in our system speci®callyin the length of all cartilage elements in citral-treated and
control limbs were statistically signi®cant at 0.001 level. decreases the RA concentration. Optimum concentrations
of RA to rescue the wings from the citral effects were re-In stage 16±17 embryos, citral is shown to affect the forma-
tion of more proximal cartilage elements. stricted and dependent on citral concentrations (Table 3). It
seems that endogenous RA can function properly only whenFurthermore, citral seems to affect the cartilage length
dose dependently. The differences in the length of radius/ RA exists at exact concentration. This is hardly surprising
given that RA treatment on its own has marked effects.ulna and of digit between 30 mM citral-treated and control
limb buds were statistically signi®cant at 0.001 level. Be- In Xenopus, treatment of gastrula stage embryos with 60
mM citral resulted in a 62% decrease in the concentrationtween 20 mM citral-treated and control limb bud the differ-
ence in only digit length was signi®cant at 0.01 level. of RA 2.5 hr after treatment (Schuh et al., 1993). In the
present study the radioactivity of [3H]retinoic acid was re-However, the differences in the length of all cartilage ele-
ments between 10 mM citral-treated and control were not duced from 20.6 to 6.1% of total radioactivity of 3H-labeled
retinoids incorporated, and that of [3H]retinal was also re-signi®cant. Death of host embryos occurred when the limb
buds were treated with 40 mM citral under the present con- duced from 12.8 to 3.5%. However, that of [3H]retinol was
increased from 46.5 to 75.8% of total. These data indicateditions. Hence, 30 mM of citral appears to give the maxi-
mum effects. that citral inhibits retinoic acid and retinal formation in
our system.No signi®cant differences were observed in the length
TABLE 4
The Length of Cartilage of Chick Wing Buds Treated Only with Retinoic Acid
No. of No. of Average of Average of Average of
normal wing abnormal wing humerus (mm) radius/ulna (mm) digit (mm)
Control 10 0 3.28 { 0.46 3.01 { 0.47 3.50 { 0.48
(100%) (100%) (100%)
10 nM RA 4 8 3.33 { 0.98 2.63 { 1.20 3.08 { 0.75
(102%) (87.4%) (88.0%)
20 nM RA 4 10 3.17 { 0.91 2.92 { 1.10 2.93 { 0.72*
(96.6%) (96.7%) (83.7%)
100 nM RA 4 10 2.69 { 0.50* 2.16 { 0.91* 2.85 { 0.72*
(82.0%) (71.2%) (81.4%)
Note. Note that treatment with 100 nM RA abrogates the effect of citral on length of the skeletal elements.
* Statistical signi®cance (P  0.05) compared to the length of controls.
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FIG. 4. HPLC analysis of citral effects on the endogenous retinal
levels in the chick limb bud. Chick limb buds were cultured with-
out (A) or with (B) 30 mM citral in the presence of [3H]retinol and
the extracted retinoids were chromatographed on a C18 reverse-
phase column. The positions at which standard retinoids, retinol,
retinoic acid, and retinal (left to right), eluted under these condi-
tions are indicated by arrows. Bar chart represents radioactivity in
each fraction.
It is also possible that citral inhibits the formation of 3,4-
didehydroretinal and 3,4-didehydroretinoic acid from 3,4-
didehydroretinol, which is converted from retinol. 3,4-Dide-
hydroretinoic acid is known to induce limb duplication
when applied locally (Thaller and Eichele, 1990).
Treatment with RA alone also caused some types of pho-
comelic limbs (Fig. 2e, Table 4). Though these abnormalities
look like that of citral, the affected cells may be different.
Previous reports (Summerbell, 1983; Tickle et al., 1985;
Tickle and Crawley, 1988) have shown that high concentra-
tions of RA induce truncated limbs. This truncation seems
to be caused by the cytotoxic effects of RA on the cells of
various regions. Kochhar and his colleagues have shown
that the teratogenicity of retinoids is in part a consequence
of cell death within the chondrogenic region of the limb in
mice (Kochhar and Agnish, 1977; Kwasigroch and Kochhar,
1980). Moreover, high concentrations of RA inhibit prolifer-
ation and chondrogenesis in vitro (Zimmerman and Tsam-
baos, 1985).
In contrast, the mechanism of action of citral in our exper-
iments appear not to re¯ect a cytotoxic effect for the follow-
ing reasons.
When the AER is removed from a developing limb bud,
FIG. 5. (A) Citral effects on AER-free limb buds. Trunk frag-the proximal cartilage elements that are already determined
ments with attached limbs whose AER had been removed incan form, but the distal elements are truncated or missing
advance were cultured as described in Fig. 1 and the limb buds(Saunders, 1948; Summerbell, 1974). In our experiments,
were grafted to the stumps of host wing buds. The 0AER limbscitral seems not to affect the elements that are determined
with (Aa) and without (Ab) citral treatment formed a humerus
at the time of treatment, but rather seems to affect distal of similar proportions showing that the effects of citral are not
structures (Fig. 5A). Moreover, dissociated distal cells of manifest on elements that are already speci®ed. (B) Dissociated
limb buds taken from organ-cultured and citral-treated frag- PZ cells from citral-treated trunk fragments were cultured. The
ments grew in vitro at the same rate as control (Fig. 5B), growth rate of the citral-treated cells was the same during 3 days
compared to control cultures.suggesting that the effect of citral at the concentration
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FIG. 6. Expression of Shh 24 hr after the implantation of citral-treated limb buds. The arrowheads indicate the Shh expression domain
at the posterior margin. (a) Control. (b) Treated with 20 mM citral. Little difference was observed between control and citral-treated limb
buds.
which we used in the present study is not due to a nonspe- Tsambaos, 1985), although Ide and Aono (1988) demon-
strated that RA applied at low concentration can promoteci®c cytotoxic effect.
chondrogenesis of PZ cells in vitro. The possibility that
endogenous RA plays a role in limb cell differentiation must
What Is the Role of Endogenous RA in Limb be acknowledged.
Morphogenesis? For the moment it is dif®cult to determine if the role of
endogenous RA is related to the effects of exogenous RA.This study strongly suggests that endogenous RA plays
Nonetheless, the present results indicate that endogenousa role in limb bud morphogenesis, but there are several
RA participates in limb patterning. Further studies arepossibilities. It should be noted that after citral treatment,
clearly necessary to analyze the precise actions of endoge-little change was observed in Shh expression pattern (Fig.
nous RA.6). This indicates that the defects in cartilage pattern in-
duced by citral are not associated with an alteration of Shh
expression. Hence, endogenous RA appears not to contrib-
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